Abstract-This study presents an equivalent circuit and a design of an H-plane waveguide bandpass filter (BPF) with chamfer. Traditionally, only thin inductive diaphragm with no chamfers considered in the direct-coupled cavity theory, but this will lead to difficulties in the BPF manufacturing. During manufacturing process the chamfer cannot be avoided, and its equivalent circuit and effects on frequency shifting are investigated in this paper. A new design method is proposed in order to compensate the effect of chamfer in the half-wavelength resonator connection between the inductance diaphragm and the waveguide. A modified empirical formula and corresponding procedure are provided for designing such filters. The working center frequency and 3 dB bandwidths (BW) are simulated considering different chamfer radius. The simulated center frequencies are 18 GHz, 26 GHz, 34 GHz and 42 GHz, and BWs are 2.265%, 2.5%, 10%, 15% and 20%. Results show that the modified formula, which conforms better with the simulated results, is superior to the traditional formula. Two H-plane waveguide BPFs are manufactured with center frequency 26 GHz with 2.5% BW and 34 GHz with 2.265% BW. The results of the modified formula are in good agreement with measured ones.
INTRODUCTION
As millimeter wave (MMW) electronic technology develops, the passive MMW imaging technique is used for human body security inspection, which is becoming an effective approach to detect dangerous objects under the clothes, such as concealed weapons or plastic explosive [1] [2] [3] . Various passive MMW imaging systems have been developed by the Electromagnetic Laboratory of Beihang University [4] [5] [6] [7] [8] [9] . In order to achieve high level of integration and compact dimension, their MMW receiver front-ends are realized using MMICs while the passive components such as BPF are often realized off-chip [8] , and in turn achieve high imaging resolution. The BPF are used in the radio frequency receivers for image frequency rejection outside the image frequency which results in improved sensitivity. The BPF is realised by waveguide which has many advantages such as high rejection of image frequency, high Q value, low insertion loss, good temperature stability, easy design, easy manufacturing and installation [10] . In the design of direct coupling waveguide BPF the inductive diaphragms, pins or E insert are commonly used as coupling network between levels of waveguide resonant cavity [11, 12] . Only one similar H-plane waveguide BPF is reported [13] . However, the filter is sensitive to the length of resonators, and in the process of manufacture when the milling cutter is used the round chamfer is unavoidable, and the effect is the changing of active resonators' effective lengths, thus the center frequency. In this paper, a novel design method of H-plane waveguide BPF has been proposed and realised which accounts for this chamfer effect and possesses flexible tuning ability.
In this paper, the design procedure of a rectangular waveguide BPF using H-plane inductive diaphragm with round chamfer is presented. An empirical solution is found which aims at the frequency shifting caused by round chamfer. Five waveguide BPFs with center frequencies of 18 GHz, 26 GHz, 34 GHz and 42 GHz and relative 3 dB BWs of 2.265%, 25.%, 10%, 15% and 20% are simulated to investigate the frequency shifting. Only 26 GHz and 34 GHz filters are manufactured and measured. The measured results are in good agreement with the simulated ones after chamfer compensation and thru, reflect and line calibration method (TRL) [8] . The design procedure and frequency shifting lines are discussed in Section 2. The measured results are described in Section 3 followed by conclusions.
DESIGN ANALYSIS
The top view and 3D view of the H-plane waveguide BPF are shown in Figs. 1(a) and (b) , respectively, the half wavelength waveguide sections are used as series resonators, the parallel inductance diaphragms are used as coupling structure between the resonators. Fig. 1(c) shows the unavoidable round chamfer during actual manufacture. Fig. 2 shows the equivalent circuit of the inserted metal diaphragm of H-plane waveguide BPF. The design procedure is proposed as follows. For the large scale application of filters in passive MMW systems, the accurate characterization of the filter frequency response and the reproducibility of the filters are the primary concern. The procedure and formula for the design of H-plane waveguide BPF are reported in the literature [14] .
In order to analyse the waveguide filter character, the inserted metal diaphragm in the waveguide is equivalent to a T-type reactance network shown in Fig. 2 [11] .
According to Formulae (1) to (3), the transformation of low-pass and band-pass can be realized only for TE 10 mode transmission in this type of waveguide filter. Formula (1) is the approximation transformation between the low-pass filter and pass-band filter.
ω , ω 1 are the frequency variable and band-edge frequency of the prototype low-pass filter respectively, and λ g0 , λ g1 , λ g2 , λ g are the waveguide wavelengths corresponding to the frequencies ω 0 , ω 1 , ω 2 and ω of BPF, respectively. ω is frequency variable, ω 0 the center frequency, and ω 1 and ω 2 are the band-edge frequencies. w λ is the relative bandwidth, X j reactance slope parameters of the resonator series, and Z 0 the characteristic impedance 50 ohm.
Substitute X j into the impedance transformation formula (5) to (7).
The impedance transformation formula of waveguide filter can be obtained applying (8) to (10) [15] .
K is a function of frequency named impedance of the converter and g the parameters of the Chebyshev low-pass filter. The section of the inductive BPF is shown in Fig. 3 , and the equivalent inductors are separated by electrical length θ. The impedance converter of Fig. 3 consists of a shunt inductance jX at the center of a short length of transmission line of electrical length φ, and the impedance converter is given by Levy [15] . The transfer matrix of an ideal impedance converter is given.
The transfer matrix of the actual impedance converter of Fig. 2(b) is According to the equal relationship between formulae (11) and (12) , formulae (13)- (15) can be obtained.
K and X have approximately the same linear frequency dependency. Since φ is small even for fairly broad-band filters,
and then (15) gives
In the case of actual manufacture of thin diaphragm, the round chamfer is unavoidable, and the cutaway view is shown in Fig. 4 . b, t, L n and R are the width of the waveguide, thickness of the diaphragm, length of the nth resonator and radius of round corner chamfer respectively. The equivalent circuit of diaphragm is shown in Fig. 5 . Fig. 5(a) shows the equivalent circuit of diaphragm without chamfer, and Fig. 5(b) shows the equivalent circuit of diaphragm with round chamfer. The length of resonator and size of inductive diaphragm with round chamfer can be obtained with impedance transformation. X sj is the added reactance slope parameters owing to the round chamfer. Therefore, we have formulae (18) and (19) from formulae (13) and (14) . Finally, the reactance slope parameters of the series resonators X j,j+1 can be obtained from formula (20), which is deduced from formulae (18) and (19). From Fig. 5(b) , the length φ/2 of both sides of the shunt inductance and chamfer should be merged into the electrical length of adjacent resonators. So the actual electrical length of the resonator is expressed in formula (21).
λ 0 is the working wavelength of BPF and L j the length of the resonator of BPF. Formula (22) expresses the inverse ratio of the center frequency and the length of the resonator of BPF.
Formulae (18) to (22) show that the chamfer leads to the center frequency shifting of waveguide BPF. Based on formula (21) the relationship between the actual electrical length and the chamfer reactance slope of a H-plane waveguide BPF with 26 GHz center frequency is shown in Fig. 6 . When the reactance slope of chamfer X s decreases, the actual electrical length of resonators decreases. As shown in Fig. 6 , the center frequency of H-plane waveguide BPF will shift toward higher frequency. When the chamfer radius increases, it will decrease the actual length of resonators and lead to the center frequency shift toward higher frequency. The equivalent circuit values of the 26 GHz waveguide BPF can be derived and given in Table 1 . In order to show the effects of chamfer, 5-order H-plane waveguide BPFs with different center frequencies and different 3 dB BWs are shown in Fig. 7 and Fig. 8. Figs. 7(a) to (d) show the filters with center frequencies 18 GHz, 26 GHz, 34 GHz and 42 GHz, and that the frequency shifting increases with BW when the chamfer radius changes from 0.1 mm to 0.7 mm. Figures 8(a) to (e) show 3 dB BW with different center frequencies, 18 GHz, 26 GHz, 34 GHz and 42 GHz, respectively. Fig. 8 shows that frequency shifting increases with the increasing center frequency and chamfer radius. Based on Fig. 8(a)-Fig. 8(e) , the value of frequency shifting increases with BW. These results are in good agreement with formulae (18)-(21). 
MEASUREMENT RESULTS
Due to the center frequency shifting of the BPF, we need to consider the effects of the round chamfer in order to precisely design the filter response. With the help of formulae (18)-(22), two 5-order H-plane waveguide BPFs are designed with exact center frequencies of 26 GHz and 34 GHz. Their pass-bands are all 0.5 GHz with Chebyshev response. The insertion loss of two H-plane waveguide BPFs are less than 0.5 dB, and their image rejections are greater than 60 dB. Measurements were carried out at a Vector Network Analyser Agilent N5225A. All measurement results are calibrated by TRL [8, 16] method for de-embedding. For the tuning of the wave guide BPF, the stress of the two halves of the filter can be adjusted just as in Fig. 9 and Fig. 10 . Fig. 10(a) shows half of the BPF, and Fig. 10(b) shows the manufactured BPFS. According to the above theoretical analysis of waveguide filter equivalent circuit, we can obtain the length of cavities and width of diaphragm shown in Table 1 .
The filter was designed using direct coupled cavity theory [11] with modified formulae (18)-(22). The physical dimensions were obtained and listed in Table 2 . After considering the round chamfer, L 1 to L 5 of each resonator of 26 GHz BPF and 34 GHz BPFs are increased to compensate the frequency shifting toward higher frequency, because the length of resonator is inversely proportional to its resonate frequency. The lengths of tune 1 to tune 5 of 26 GHz BPF and 34 GHz BPF are increased accordingly.
According to the modified dimensions in Table 2 , the 26 GHz and 34 GHz filters are manufactured. Good agreement between measurement and simulation results can be seen from Fig. 11(a) and Fig. 11(b) . Their 3 dB BW are 0.65 GHz and 0.77 GHz, respectively, and their 0.5 GHz pass-bands can be achieved. The 60 dB imaging rejections for the two H-plane waveguide BPFs are shown, and insertion loss is less than 0.5 dB. More details of the measured results of the fabricated filters are listed in Table 3 . The results show excellent match in terms of reproducibility between two manufactured samples. 
CONCLUSIONS
In this paper, a new design method of H-plane waveguide BPF is presented. This method considers the unavoidable chamfer during manufacturing, which will lead to center frequency shifting if uncorrected. Based on the physical inductance model of BPF considering chamfer, a modified formula is presented which will compensate the effect of frequency shifting.
The actual measurement results show that the center frequency is in good agreement with the modified formula and proves the validity of the new design method.
The method considering manufacturing chamfer is nontrivial in practice, and the modified formula provides theoretical basis for future manufacturing H-plane waveguide BPF.
